Mutations in ZIC2 in
INTRODUCTION
Holoprosencephaly (HPE) is the most common malformation of the human forebrain, and results from failed or incomplete forebrain cleavage early in gestation. HPE occurs in 1 in 250 gestations, though the vast majority of conceptions with HPE do not survive to birth. 1 2 HPE is categorised by the degree of forebrain separation into alobar, semilobar, and lobar types, from most to least severe. More recently, middle interhemispheric variant (MIHV) HPE has also been described, which includes failed separation of only the posterior frontal and parietal lobes. 3e6 The distribution of HPE types in both living patients and deceased fetuses with non-chromosomal, non-syndromic HPE has been estimated to be 10e40% alobar, 43e45% semilobar, and 17e33% lobar HPE (Muenke Lab, unpublished data, 2010 ). 7 8 Common clinical features among patients with HPE include neurological impairment (often severe), seizures, diabetes insipidus, and characteristic dysmorphic facies. Traditionally, it is thought that in HPE 'the face predicts the brain': in other words, more severe craniofacial anomalies correlate with more severe neuroanatomic findings. 4 At the most severe end of the spectrum, facial features in patients with alobar HPE may include cyclopia and a proboscis (a tubular nasal structure located above the fused eyes). Other, more common facial dysmorphisms in less severely affected patients include microcephaly (though hydrocephalus can lead to macrocephaly), hypotelorism, a flat nasal bridge, and cleft lip and/or palate. At the least severe end of the spectrum, termed microform HPE, patients may have subtle features such as mild microcephaly, hypotelorism, and a single maxillary central incisor (SMCI) without appreciable central nervous system (CNS) anomalies on conventional neuroimaging. These individuals are often identified due to the presence of a severely affected relative. 6 9 10 HPE is aetiologically heterogeneous, and may be caused by cytogenetic anomalies, teratogenic influences, occur in the context of a syndrome, or be due to mutations in one of over 10 HPE associated genes. 6 7 9 11e13 In patients with HPE who have a normal chromosome analysis, a typical initial diagnostic strategy is to screen for mutations in four genes: SHH (MIM 600725), ZIC2 (MIM 603073), SIX3 (MIM 603714), and TGIF (MIM 602630). Mutations in these genes can arise de novo or may be found in multiple members of large families segregating HPE spectrum anomalies. In large kindreds, family studies demonstrate the incomplete penetrance and highly variable expressivity of these mutations. 3 4 6 14 ZIC2, located at chromosome 13q32, was first identified as an HPE candidate gene due to individuals with brain anomalies who were found to have deletions involving the long arm of chromosome 13 . Subsequent analyses of patients with HPE identified mutations in ZIC2.
15e17 ZIC2 mutations have been thought to be the second most common identified cause of non-chromosomal non-syndromic HPE (after mutations in SHH). In recent estimates, at least 3% of probands with HPE have mutations in ZIC2, though a more accurate estimate is likely to be at least double that. 6 18 ZIC2 encodes a transcription factor that plays several roles in neurological development. Early in development, ZIC2 is predicted to play a role in axial midline establishment; later, ZIC2 appears to affect the development of the dorsal telencephalon. 19 20 This latter role may explain the occurrence of neural tube defects in individuals with mutations in ZIC2, as well as the presence of MIHV type HPE, though this type can be seen in HPE due to mutations in other genes as well. 21 Mouse models show that complete absence of Zic2 activity results in HPE due to mid gastrulation failure of axial midline development, homozygous hypomorphic alleles result in normal gastrulation but dorsal forebrain malformations at later stages, and heterozygotes for null alleles are phenotypically normal. However, features in homozygous null mice recapitulate the entire spectrum of HPE severity, suggesting that the phenotypic consequences of mutations depend on the perturbed developmental stage and may be affected by interacting genes. 18 20 22 23 Of note, it has been suggested that mutations in ZIC2 may cause HPE brain findings, but often do not result in facial features typical of HPE due to mutations in other genesdin other words, the face would not 'predict the brain'. 17 24 Here we present clinical and genetic data on all known individuals with mutations in ZIC2, approximately half of whom were identified through our laboratory at the National Institutes of Health (NIH), and over three quarters of whom have not been previously clinically described. We also present data on individuals with deletions of the ZIC2 locus ascertained by multiplex ligation dependent probe amplification (MLPA) and fluorescence in situ hybridisation (FISH), chromosome analysis, or by oligonucleotide array comparative genomic hybridisation (aCGH). Through this comprehensive evaluation, we can identify specific characteristics of these individuals that can differentiate patients with HPE due to ZIC2 mutations from patients with HPE due to other genetic causes.
METHODS

Patient recruitment, mutation screening, and clinical assessments
Blood samples from approximately 600 individuals with HPE spectrum disorders and their relatives were collected over 18 years in our laboratory at the NIH. These samples were analysed for potential sequence variations in the ZIC2 gene under our National Human Genome Research Institute/NIH Institutional Review Board (IRB) approved brain research protocol (with appropriate consent). A strategy for screening the ZIC2 gene has previously been described. 18 Approximately 600 additional probands with HPE were screened through collaborating centres, for a total of approximately 1200 probands with HPE spectrum anomalies. This total cohort includes deceased fetuses (of note, the approximately 600 patients included in the NIH cohort does not include deceased fetuses), live born infants, and currently living patients. After mutation was identified in a proband, additional individuals were identified through testing of relatives. The analysis of clinical characteristics was performed retrospectively; the quality of available clinical information was highly variable.
In terms of NIH patients, before 2006, referring clinicians (which include geneticists, neurologists, obstetricians, and pathologists) were asked to send samples with available clinical data, including clinical summaries, photos, and neuroimaging. Starting in 2006, referring clinicians additionally filled out a standardised, brief clinical checklist describing clinical findings, family history, and risk factors. In the process of reviewing information for this analysis, many referring clinicians were recontacted in order to request additional data. Four patients were seen at the NIH for a comprehensive evaluation.
In terms of patients who were not part of the NIH cohort, information was obtained through collaborators who sent de-identified clinical and laboratory data: Laboratoire de Génét-ique Moléculaire (Rennes, France); Center for and Department of Human Genetics (Regensburg, Germany); GeneDx (Gaithersburg, Maryland, USA); Maastricht University Medical Centre (Maastricht, The Netherlands). Collaborating centres shared (with appropriate consent) available clinical data, typically in the form of a narrative summary, photos and neuroimaging results.
All patients on whom craniofacial data are presented were assessed in person by clinical dysmorphologists. Thirty probands had photos available for review, while detailed physical examination assessments performed by clinical dysmorphologist were available for 29 additional probands. All HPE types were identified by neuroimaging, performed by ultrasound (in the majority of fetal cases), CT, MRI, or by pathological study. MRI was available in approximately half of cases with identified HPE type, with a bias for more recently ascertained cases.
Literature review of reported cases of holoprosencephaly spectrum disorders due to mutations in ZIC2 A Medline search was conducted to find previously reported cases of holoprosencephaly due to mutations in ZIC2. The key words and search terms included 'ZIC2', 'holoprosencephaly', 'HPE', '13q', and '13q32'. References were also obtained from articles found through the literature search. As loci near ZIC2 may contribute to brain malformations and there have been numerous reported cases of deletions of 13q with unreported clinical and genetic characterisations, only cases with clear HPE and definitive deletion of the ZIC2 locus without involvement of other chromosomes were considered. Cases were used from the following papers and abstracts: Brown 
Statistical analysis
In the descriptions below, unless otherwise stated, results refer only to individuals with intragenic sequence determined mutations in ZIC2, not patients with large genomic imbalances.
Patients with large genomic imbalances were not included in most statistical analyses due to the relatively low numbers and because the testing method differed among patients (including traditional cytogenetic analysis, FISH testing, and aCGH), potentially invalidating comparisons.
Denominators differ among findings, as the prevalence of each phenotypic manifestation was calculated only where data were available for that specific finding (table 1). c 2 and Fisher 's exact tests were used to determine statistical differences between patient groups.
RESULTS Patients
We describe a total of 157 patients, including 141 patients from 103 unrelated kindreds with sequence determined mutations in ZIC2, seven patients with deletions of ZIC2 ascertained by FISH testing or MLPA, and nine patients with deletions of ZIC2 ascertained by chromosome analysis or by oligonucleotide aCGH. While the majority of these mutations have been reported, only 25% (39/157) have previously been clinically described. Of the 157 patients, 77 patients were identified at the NIH, 72 were identified through collaborating centres, and eight patients were identified through a literature search (all eight of whom were patients with deletions of the ZIC2 locus as part of a larger genetic imbalance).
15e17 24e34
By direct sequencing of DNA samples of an unselected group of unrelated patients with HPE in our laboratory at the NIH, 8.4% (49/582) have mutations in ZIC2. Additional cases were initially ascertained through screening methodology, including screening methods involving single strand conformational polymorphism (SSCP) analysis and denaturing high performance liquid chromatography (dHPLC). Multiple international testing centres additionally contributed cases as described above (Methods). A summary of all patients is presented in table 2.
Inheritance
Among probands in whom parents were available for testing (65/103 families), mutations were found to be de novo in 72%, maternally inherited in 18%, and paternally inherited in 9% of patients. There were no kindreds in which mutations or affected individuals were identified in more than two generations. However, in five cases, pedigree analysis showed that a mutation appeared to be inherited from a parent who had multiple affected children but for whom mutation testing was negative, implying either allele dropout or, more likely, germline mosaicism.
HPE type
Prevalences of HPE types are presented in table 3. Examples of characteristic findings on neuroimaging are shown in figure 1.
For patients with intragenic sequence determined mutations, the distribution of HPE types is not equal, with alobar and semilobar HPE significantly overrepresented (c 2 (2) ¼23.65, p<0.0001). MIHV was not included in the analysis due to paucity of cases. Due to the relatively few cases, the group of patients with larger genomic imbalances, including deletion of ZIC2, was not analysed.
We compared the distribution of HPE types in patients with intragenic sequence determined mutations in ZIC2 to two previous studies describing the prevalence of the major HPE types, as well as to a group of HPE probands ascertained from samples sent to the NIH for clinical testing in an approximately 3 year period after the establishment of a reference laboratory (table 4) . 7 8 The groups described by Lazaro et al (2004) and the NIH groups are likely most similar to our cohort by the fact that all three groups had non-chromosomal, non-syndromic HPE. The cohort described by Orioli et al (2007) , on the other hand, may include some patients with chromosomal anomalies, and also included only patients who survived to birth. 8 There was a significantly different distribution of HPE types in our cohort of patients with intragenic ZIC2 mutations versus those described by Lazaro et al (2004) and ascertained through our general NIH HPE cohort. 7 There was not a statistically significant difference compared to the Orioli et al (2007) group, though this latter cohort does not appear well matched with our ZIC2 cohort. 8 
Clinical features
Among all individuals with mutations (including both probands and relatives of probands) for whom gender was known, 50% were female and 50% were male. Among probands for whom gender was known, 51% were female and 49% were male.
Patients with recognisable brain anomalies invariably had some degree of neurological impairment. Of 65 families tested, 18 parents were identified as having mutations initially found in their severely affected children; of the eight parents who had mutations (not germline mutations) who were fully examined, only two parents were not found to have mild features of microform HPE. The overall penetrance of phenotypic manifestations (including alobar, semilobar, lobar, MIHV, and microform HPE, as well as HPE of unknown type) due to intragenic mutations in ZIC2 is estimated to be 93%; the prevalence of structural brain anomalies consistent with a diagnosis of frank HPE (by conventional neuroimaging or pathology) is estimated to be 88% of patients with intragenic mutations.
Among 59 patients for whom information was available, at least 67% (40/59) did not display typical HPE facial features such as the combination of hypotelorism, midface hypoplasia with flat nasal bridge, cleft lip/palate, and SMCI, features frequently seen in patients with mutations in genes such as SHH and SIX3. 21 While 33% of patients (19/59) were reported as having facial characteristics commonly described in HPE (as above), none of these latter patients had photographs available for review, and were only described in clinical summaries provided by referring clinicians. In other words, none of the 30 available photos show facial features in which patients with mutations in ZIC2 have typical HPE craniofacial manifestations, but some clinicians describe more typical HPE facial features in written summaries. Additionally, no patients had facial findings at the most severe end of the spectrum, such as cyclopia, synophthalmia, or a proboscis. As anthropometric measurements were not uniformly available, detailed calculations as to the prevalence of certain features were not attempted. Original Continued Independent reviews (by KR, BS, MM) of photos of available probands with mutations in ZIC2 revealed a common phenotype consisting of bitemporal narrowing (53%), upslanting palpebral fissures (97%), a flat nasal bridge (33%), a short nose with anteverted nares (73%), a broad and deep philtrum (43%), and the subjective appearance of relatively large ears (37%) ( figure 2, table 5 ). All photos reviewed showed evidence of this common facial phenotype, and none had facial features notably similar to those of patients with HPE due to mutations in other genes. Prevalences of facial findings with data sufficient for comparison are presented in table 6 compared to a cohort with mutations in SIX3.
Although additional photos were not available for review, a similar facial phenotype was independently described by collaborators (SM, SO, personal communication). On review, this facial phenotype also occurs in previously published patients with mutations in ZIC2. 17 24 Facial clefts, ranging from cleft lip and palate to a small unilateral nostril cleft, were described in 10%, while 17% did not have clefts, but had high palates. Facial clefts in patients with intragenic ZIC2 mutations are approximately a third as common as in other cohorts with non-ZIC2 related HPE. 8 21 In terms of neurological defects, in addition to HPE in patients with intragenic sequence determined mutations (ie, not including patients with whole gene deletions or large cytogenetic imbalances), 12% of individuals had hydrocephalus, and 4% were reported as having neural tube defects. Finally, in terms of nonneurological manifestations, 14% had skeletal anomalies, 9% had cardiac anomalies, 7% had renal anomalies, 7% had genital anomalies, 4% had gastrointestinal anomalies, and 4% had pulmonary anomalies. Five per cent had more than three congenital anomalies in these systems, including complex congenital cardiac, renal, and skeletal abnormalities. We present comparisons to the only other large cohort of patients with HPE due to mutations in a single gene (SIX3) and to a cohort of patients with non-syndromic HPE (table 6). In this latter comparison, the category of non-syndromic HPE includes patients in whom HPE does not occur in the context of a broader syndrome, but it is important to realise that patients with non-syndromic HPE may present with findings that extend beyond the traditional craniofacial and structural brain anomalies most often recognised as the classic manifestations of autosomal dominant monogenic HPE. 21 While not all features were described in the three cohorts, the comparisons do show statistical support that patients with mutations in ZIC2 appear to have a unique facial phenotype. Additionally, this comparison shows that patients with mutations in ZIC2 have overall similar rates of extra-neuronal manifestations to patients with SIX3 mutations in contrast to a cohort of patients with non-syndromic HPE, although skeletal manifestations appear more frequent in patients with mutations in ZIC2 than in SIX3 related HPE. 8 21 Genotypic and functional analysis
The molecular findings among patients with mutations in ZIC2 have been recently and extensively analysed. 18 Among kindreds with intragenic sequence determined mutations, 81% were unique. One mutation, which resulted in an alanine expansion and which has been shown to result in greatly reduced function, occurred in 12 apparently unrelated kindreds.
Among the 103 unrelated kindreds with intragenic sequence determined mutations, 37% had frameshift mutations, 21% had missense mutations, 17% were in-frame duplications or insertions, 16% had nonsense mutations, 6% were predicted to result in alternative splicing, and 3% were in-frame deletions; 89% of the in-frame deletions and duplications occurred in the polyalanine segment of the gene.
The vast majority (98%) of family specific mutations were predicted or proven significant loss-of-function. Interestingly, among the very few patients (kindreds 3, 16, and 79) whose mutations were shown by functional analysis not to be null, alobar HPE was not observed and 66% (2/3) were inherited, in contrast to the overall estimation that 72% of mutations in probands occur de novo. Due to the low number of kindreds with mutations not shown to be null and the fact that equivalent functional analyses have not been performed for most mutations, statistical calculations involving the latter observation were not attempted. The overall rate of de novo mutations in ZIC2 is in stark contrast to patients with HPE due to mutations in SHH or SIX3, in which the de novo mutation rate is estimated to be 10e30%, and 14%, respectively (Muenke lab, unpublished data, 2010) . 21 In our analysis, we did not include previously reported variants in ZIC2 resulting in different numbers of histidine repeats, which had been thought to be pathogenic, but on later pedigree analysis, are now thought to be polymorphisms that may be common in ethnicities not originally part of control populations. 18 35 36 
DISCUSSION
Mutations in ZIC2 are one of the two most common single gene causes of non-syndromic HPE. We show that patients with ZIC2 mutations do not typically have facial dysmorphisms standardly associated with HPE. HPE due to ZIC2 mutations could be underappreciated, as HPE is not diagnosed in some patients with ZIC2 mutations due to the absence of facial dysmorphisms leading to a diagnosis of HPE. Further, our analysis of this large cohort reveals several unique features which distinguishes ZIC2 related HPE from HPE due to other causes. First, the recognition that many patients with mutations in ZIC2 have a subtle but distinct facial phenotype may help aid diagnosis. This facial appearance has not been described in patients with HPE resulting from other genetic aetiologies. The data in our cohort may be biased because only some patients survived long enough for photographs to be taken. However, the fact that no photographs demonstrated a combination of features Table 4 Comparison of holoprosencephaly (HPE) type distribution among the three 'classic' HPE types for the patients with intragenic ZIC2 mutations, as well as two sources from the literature and a source obtained from our database: Lazaro et al (2004) described a cohort of both living patients and deceased fetuses with non-chromosomal, non-syndromic HPE, while Orioli et al (2007) describes a cohort of patients born with HPE. 7 8 We also compare our cohort of patients with mutations in ZIC2 with a cohort of prospectively ascertained probands with non-chromosomal, non-syndromic HPE whose samples were sent to the National Institutes of Health (NIH) over approximately a 3 year period. Due to low prevalence, middle interhemispheric variant (MIHV) was not considered Figure 2 Patients with mutations in ZIC2, arranged by holoprosencephaly (HPE) type. Letters link to patients described in tables 2 and 5. Note the pattern of facial findings in patients with mutations in ZIC2, consisting of bitemporal narrowing, upslanting palpebral fissures, flat nasal bridge, a short nose with upturned nares, a broad and/or deep philtrum, and the appearance of large ears. MIHV, middle interhemispheric variant. more commonly associated with HPE, such as severe hypotelorism, flat nasal bridge, cleft lip/palate, or SMCI, is striking. Although the retrospective data do not allow certain comparisons to be made, available statistical calculations show evidence that the facial phenotype in patients with ZIC2 mutations is different than that of other cohorts of patients with HPE.
Second, unlike other genes associated with HPE, the majority of mutations in ZIC2 occur de novo. Our data suggest the presence of at least five families in which germline mosaicism appears to be causative of HPE in a child, which has important implications for genetic counselling. Parents who test negative for ZIC2 mutations through analysis of peripheral blood may still be at risk for having other affected children.
Third, along these lines, we did not identify any large pedigrees in which numerous individuals from multiple generations were found to have a mutation, which is strikingly different from what has been observed with other common HPE associated genes such as SHH or SIX3. This could imply that mutations in ZIC2 are less likely to result in mildly affected individuals than mutations in other HPE associated genes, and again is important for genetic counselling.
Finally, our findings show that non-chromosomal, non-syndromic HPE is not simply an 'above-the-neck' diagnosis. Patients with mutations in ZIC2 frequently have other organ systems involved, and clinicians must look beyond craniofacial and structural brain anomalies in their clinical assessment.
While skeletal anomalies may be more frequent in patients with ZIC2 than in other types of non-chromosomal, non-syndromic HPE, no clear overall pattern emerges except that it is important to be aware that congenital anomalies may be found in other major organ systems.
One shortcoming of this report is that the available retrospective collection of clinical data was not uniform. For this reason, it is likely that we underestimate the prevalence of many of the findings (such as neural tube defects and other congenital anomalies). Despite the challenges in synthesising the data, the availability of a large cohort of patients with mutations affecting the same gene greatly enriches our understanding of HPE in general and ZIC2 in particular. This analysis reveals a previously unnoticed ZIC2 specific phenotype and highlights the importance of a comprehensive and collaborative approach in studying HPE and other complex genetic disorders. 
